ABSTRACT Mucosal immunity is considered important for protection against Clostridium difficile infection (CDI). We show that in hamsters immunized with Bacillus subtilis spores expressing a carboxy-terminal segment (TcdA 26 -39 )o fC. difficile toxin A, no colonization occurs in protected animals when challenged with C. difficile strain 630. In contrast, animals immunized with toxoids showed no protection and remained fully colonized. Along with neutralizing toxins, antibodies to TcdA 26 -39 (but not to toxoids), whether raised to the recombinant protein or to TcdA 26 -39 expressed on the B. subtilis spore surface, cross-react with a number of seemingly unrelated proteins expressed on the vegetative cell surface or spore coat of C. difficile. These include two dehydrogenases, AdhE1 and LdhA, as well as the CdeC protein that is present on the spore. Anti-TcdA 26 -39 mucosal antibodies obtained following immunization with recombinant B. subtilis spores were able to reduce the adhesion of C. difficile to mucus-producing intestinal cells. This cross-reaction is intriguing yet important since it illustrates the importance of mucosal immunity for complete protection against CDI.
C lostridium difficile infection (CDI) has emerged as a major public health burden and one of the leading causes of antibiotic-associated diarrhea. Symptoms of disease are typically mild diarrhea, but in nonimmunocompetent hospital patients, more severe, and potentially fatal, colitis and toxic megacolon can occur (1-3). Disease is presumed to result from antibiotic treatment that disrupts the intestinal microbiota, enabling resident spores of C. difficile to germinate and outgrow. Spores are either resident in low numbers or acquired from the environment, and dysbiosis provides a temporary environmental niche enabling C. difficile to proliferate and secrete two cytotoxins (toxins A and B), resulting in inflammation and tissue damage (3, 4) . The spore form of C. difficile plays an important role in this disease, and in hospitals, spores persist due to shedding from infected patients (5, 6) . In murine systems, the transmission and dissemination of C. difficile spores have been studied in detail, providing a number of important insights into human disease (7) . First, while spores can persist in the gastrointestinal (GI) tract in a carrier state without symptoms, upon antibiotic treatment, the number of spores dramatically increases by over 6 logs in as little as 2 days. Second, spores shed in the feces are highly infectious and potentially fatal in mice with a compromised innate immune system. Antibiotic therapy is the most frequent clinical treatment, but recurrence is both common (ϳ20% of patients) and potentially life-threatening (1, 2).
Active vaccination is a dependable approach to providing long-term protection against primary infection as well as recurrence. Current vaccine approaches have focused on humoral immunity and neutralization of toxins A and B, which are considered the primary virulence factors (8, 9) . Thus, vaccines currently in clinical evaluation use parenteral administration of toxoids (A and B) or defined segments of them (10) . These vaccines generate antitoxin IgG, and preclinical studies show protection (11) . While protection against symptoms of CDI would be expected, there is no report of any effect on bacterial colonization (12) . This approach, then, is limited since it does not address the primary stages of colonization and infection. One of the goals of vaccination is to eradicate the pathogen, and for CDI, this point is salient since, as mentioned above, infection results in the shedding of significant numbers of spores into the environment. For hospitals, this presents a significant burden for control and containment, and in addition, there are other concerns. First, C. difficile is known to carry multiple antibiotic resistance elements, and although not yet documented, the potential for the acquisition and transfer of resistance genes seems likely (13) (14) (15) . Second, animals, including livestock, provide a potent reservoir of C. difficile, and the transfer of animal-derived strains to humans is assumed to have occurred (16, 17) . It is therefore likely that a vaccine focused only on the neutralization of toxins will have little impact on the continued evolution and dissemination of this pathogen.
Several lines of evidence show that colonization resistance improves protection against CDI. First, fecal microbiota transplantation (FMT), where extracts of feces are administered to patients via enema or nasogastric tube, restores colonization resistance and provides protection against recurrence (18) . Second, nontoxigenic strains (e.g., strain NTCD-M3) of C. difficile orally administered to patients prevent recurrence (19) (20) (21) . Although the underlying mechanisms are not known, it is assumed that nontoxigenic strains such as NTCD-M3 transiently colonize the GI tract and presumably outcompete, or exclude, the pathogenic strain.
An oral vaccine consisting of spores of Bacillus subtilis (named PP108) for the delivery of a defined segment of toxin A corresponding to the toxin cell-binding domain (TcdA 26 -39 ) has been reported by us (22) . These heat-stable spores were engineered to express TcdA 26 -39 on their surface, and in immunized animals, they generated IgG as well as secretory IgA (SIgA), both of which were able to neutralize toxin A and toxin B. In hamsters, 75% protection against primary CDI was observed, and animals were fully protected against rechallenge (simulating recurrence).
In this study, we have characterized the B. subtilis spore vaccine in greater detail, showing that it prevents bacterial colonization in hamsters challenged with C. difficile. In contrast, animals immunized by injection with toxoids A and B remained fully colonized. We then demonstrated that antibodies against the TcdA 26 -39 domain recognize a number of seemingly unrelated proteins found on vegetative cells and spores of C. difficile. We further show that anti-TcdA 26 -39 mucosal IgA can reduce the adhesion of vegetative C. difficile cells to mucus-producing cells. This finding is important because, first, it defines the requirements for the design of efficacious vaccines and, second, it can, in part, provide a mechanism for colonization resistance.
RESULTS
Oral immunization with PP108 spores prevents colonization by C. difficile. Spores of B. subtilis strain PP108 were produced according to contract good manufacturing practice (cGMP) standards and used to dose hamsters either in the live form or following formaldehyde inactivation. The dosing strategy involved a combined sublingual-oral (s.o.) administration of four cycles, after which animals were treated with clindamycin to disrupt the intestinal microbiota before challenge (intragastrically [i.g.]) with 100 spores of C. difficile strain 630. Control groups included animals dosed s.o. with live B. subtilis PY79 spores (identical to PP108 but not presenting the TcdA 26 -39 antigen), animals dosed intramuscularly (i.m.) with the recombinant TcdA 26 -39 (rTcdA 26 -39 ) protein, and naive animals. All naive animals and those parenterally immunized with rTcdA 26 -39 (P ϭ 0.6497) succumbed to CDI and died within 50 h (Fig.  1A) . For animals dosed with live PP108 spores, 67% were protected (P ϭ 0.0115). For animals dosed with formaldehyde-inactivated PP108 spores, 17% were protected (P ϭ 0.2528), and for those dosed with live PY79 spores, 33% survived (P ϭ 0.0084). Using s.o. delivery, we obtained similar levels of protection using non-cGMP PP108 spores in two independent trial experiments (data not shown).
In surviving animals, dosed 7 days later with clindamycin (simulating recurrence), there was an absence of colonization (see Fig. S1 in the supplemental material), in agreement with data from our previous study (22) . Anti-TcdA 26 -39 IgG responses in serum were measured (Fig. 1B) , showing that although high IgG titers were induced in animals dosed orally with PP108 and parenterally with rTcdA 26 -39 , protection was restricted to animals immunized with PP108. The formaldehydeinactivated PP108 spores gave low IgG titers, indicating that the inactivation method impaired the immunogenicity of the expressed antigen, correlating with the low level of protection observed. As would be expected, PY79-dosed animals and naive animals produced no IgG response. Counts of C. difficile spores (CFU) in feces at 24 h postchallenge showed that in all protected animals, no viable C. difficile bacteria were detectable, indicating complete pathogen clearance. In contrast, high counts were present in all nonprotected animals (Fig. 1C) . The levels of toxin A and toxin B in feces of protected (no toxins) and nonprotected (toxins present) animals were determined ( Fig. 1D and E) and confirmed by using cytotoxicity assays (data not shown). This analysis together with bacteriological assessments (Fig. 1C) demonstrated the absence of infection (toxins and CFU) in protected animals. Similarly, for protected animals in which recur- A capture ELISA was used to determine toxin levels, and the presence of functional toxins was also confirmed by using a cell cytotoxicity assay to measure toxin A (HT29 cells) and toxin B (Vero cells) levels (data not shown). (F) Analysis of fecal IgA and serum IgG obtained from a separate hamster experiment. In this study, groups (n ϭ 5) were orally dosed with PP108 spores or by injection (i.m.) with rTcdA 26 -39 , with 3/5 hamsters being protected in the PP108-dosed group. i.p., intraperitoneal.
rence was induced, no toxins were present during days 3 to 15 following reinfection ( Fig. S1B and S1C ).
To measure SIgA levels in hamster feces, we used a goat anti-mouse secondary antibody to detect the heavy chain of IgA. Note that commercial secondary antibodies recognizing hamster SIgA are not currently available, but in our hands, anti-mouse IgA secondary antibody was suitable for the detection of fecal SIgA, as also reported previously (23) . Using fecal samples taken 7 days after the final immunization, we were unable to detect SIgA. However, in a separate study, we were successful in detecting fecal IgA sampled 14 days following the final immunization (Fig. 1F ). For simplicity, we show these data for animals dosed mucosally either with PP108 spores or by injection with rTcdA 26 -39 (Fig. 1F ) (regimens were the same as those used in the first study). In this study, 3/5 hamsters dosed with PP108 were protected and exhibited high levels of TcdA 26 -39 -specific SIgA as well as IgG. On the other hand, all animals dosed with rTcdA 26 -39 and the two unprotected PP108-immunized animals showed no SIgA responses yet retained high levels of IgG. This demonstrates that protection against colonization best correlates with mucosal antibody responses.
To support this, we also immunized CD-1 mice with cGMP-compliant PP108 spores (s.o.) (live and inactivated) together with rTcdA 26 -39 (parenteral). We then showed that vaccination with live PP108 spores induced neutralizing SIgA in feces as well as neutralizing serum IgG specific for TcdA 26 -39 , in contrast to injection of rTcdA 26 -39 , which induced neutralizing serum IgG only (Fig. 2) .
First, this study demonstrates that protection against CDI correlates with a failure to colonize the host together with the production of mucosal antibodies rather than serum IgG. Second, spores of B. subtilis that do not express a C. difficile antigen can provide a low level of protection against CDI.
Parenteral vaccination with toxoids does not prevent colonization. Hamsters were given three i.m. injections of toxoids A and B (plus adjuvant) and, together with a naive group, then challenged (i.g.) with 100 spores of C. difficile strain 630. Compared to naive animals, symptoms of CDI were delayed, but all animals ultimately succumbed to infection (Fig. 3A) ( P ϭ 0.0006). In toxoid-immunized animals, serum IgG levels specific to toxins A and B were high (Fig. 3B ), but counts of C. difficile spores in feces at 24 h postchallenge demonstrated that animals were fully colonized with C. difficile (Fig. 3C) at levels indistinguishable from those in naive animals. Consistent with these 26 -39 titers were determined (B). *, P Ͻ 0.05. Neutralization endpoint titers are shown above the bars and were determined as described previously (22) .
observations, toxins A and B were readily detectable in cecum samples of sacrificed animals ( Fig. 3D and E) .
Antibodies to TcdA 26 -39 cross-react with proteins associated with vegetative cells and spores. One explanation for how immunization with PP108 spores prevents colonization is by blocking the adhesion of the bacterium to the mucosa, a phenomenon associated with mucosal IgA and its ability to interfere with the adhesion of bacteria to the host (24) . To accomplish this, we would have to reason that antibodies resulting from oral immunization of PP108 cross-react with vegetative cells or spores of C. difficile. Since nonrecombinant spores of PY79 were also able to generate some level of protection against CDI in the experiments described above, we wondered whether an antibody raised against B. subtilis spores might recognize C. difficile in either its spore or its vegetative cell form (Fig. 4) . Rabbit IgG polyclonal antibodies (PAbs) raised against B. subtilis PY79 spores (confirmed in Fig. 4A , lane 4) exhibited no detectable crossreactivity with vegetative cells of C. difficile 630 or a nontoxigenic isogenic mutant (Fig.  4A, lanes 3 and 4) . However, two bands of about 14 and 30 kDa were detected in 630 spore coats (lane 5). Finally, antispore antibodies failed to recognize the rTcdA 26 -39 protein (lane 1).
A second intriguing possibility was that antibodies to TcdA 26 -39 were themselves able to recognize C. difficile. Using an enzyme-linked immunosorbent assay (ELISA), we showed that vegetative cells of 630 were recognized by TcdA 26 -39 -specific IgG raised in CD-1 mice by injection (Fig. 4B) . Although toxins would be secreted, to confirm that these antibodies were recognizing proteins other than toxin A or toxin B, we showed a similar recognition of cells of an isogenic mutant carrying insertional mutations in the tcdA and tcdB genes (encoding toxins A and B) (Fig. 4B) . Next, we used a panel of different antisera to probe either spores (Fig. 4C ) or vegetative cells (Fig. 4D )o fC. difficile 630 by an ELISA. Naive serum or antisera raised against C. difficile spores or vegetative cells (both by parenteral immunization) were used as negative or positive controls, respectively. Anti-PP108 and anti-TcdA 26 -39 IgG recognized 630 spores (Fig. 4C ) and vegetative cells (Fig. 4D) at levels significantly higher than those in naive animals and at levels similar to those of anti-630 spore or anti-630 vegetative cell PAbs. Using an ELISA, we observed that anti-PY79 spore PAbs also recognized 630 spores but not 630 vegetative cells, potentially correlating with data from our Western blot analysis described above (Fig. 4A) . Taken together, data from this analysis show first that antibodies to TcdA 26 -39 , whether raised against the recombinant protein or when presented on B. subtilis spores (PP108), can recognize both spores and vegetative cells of C. difficile and second that antibodies to B. subtilis PY79 spores are also able to recognize C. difficile spores but not vegetative cells.
TcdA 26 -39 -specific antibodies recognize two dehydrogenases and an exosporial protein. Using PAbs raised in rabbits against recombinant TcdA 26 -39 , we probed extracts of 630 vegetative cells and proteins extracted from 630 spores by Western blotting (Fig. 5A) . These antibodies recognized a high-molecular-mass protein (ϳ100 kDa) present in vegetative cells (Fig. 5A, lane 3) . To exclude the possibility that this protein was either toxin A or toxin B, we showed that the same band was detectable in an isogenic mutant insertionally inactivated in the tcdA and tcdB genes encoding toxins A and B, respectively (lane 4). Similarly, the band was also apparent in cells of an isogenic strain (ΔsigK) that is unable to form spores (lane 5) due to an insertion in the sigK gene encoding a sporulation-specific transcription factor ( K ), confirming that the band originated from the vegetative cell and not from a contaminating spore. The same PAbs also recognized a number of bands in extracts of 630 spores running at ϳ100, 60, 50, 40, and 20 kDa (Fig. 5A, lane 6) . To exclude the possibility that the spore-associated proteins were toxin fragments, we probed extracts from spore coats of a toxin-deficient strain (lane 7). With the exception of the 40-kDa band (which might therefore be toxin derived), the same polypeptides were recognized. To identify proteins recognized by anti-TcdA 26 -39 PAbs, we used mass spectrometry (MS) analysis (see Table S1 in the supplemental material). In both vegetative cells and spore extracts, the ϳ100-kDa band was identified as AdhE1 (aldehyde alcohol dehydrogenase), and the 50-kDa sporespecific species was identified as CdeC (25) .
When we conducted the same analysis using a PAb to toxoid A, we failed to identify any of the above-described protein bands using the same extracts as those used for the anti-TcdA 26 -39 blots, which were run in parallel (Fig. 5B) . The integrity of the antibodies was confirmed by the recognition of rTcdA 26 -39 (Fig. 5B, lane 1) . High-molecular-mass bands (Ͼ140 kDa) were apparent in 630 vegetative cells (lane 3) and the ΔsigK mutant (lane 5) but were absent in the toxin-deficient mutant (lane 4), indicating that these bands corresponded to toxin A and possibly also toxin B.
These experiments were repeated with three independent MS analyses. We next examined mucosal antibodies raised in CD-1 mice that had been immunized (s.o.) with PP108 spores (Fig. 5C ). As expected, fecal IgA reacted with rTcdA 26 -39 (Fig. 5C, lane 1) and PY79 spore coat extracts (lane 2). Fecal IgA was also able to detect a 100-kDa species in C. difficile 630 vegetative cells (lanes 3 to 5), which was identified as AdhE1 by using MS. In addition, bands of 30 and 36 kDa were apparent. The upper band was identified as R-2-hydroxyisocaproate dehydrogenase (also referred to as lactate dehydrogenase [LdhA]). Analysis of spore coat extracts revealed a number of bands of 60, 50, and 40 kDa. MS analysis was used to confirm that these bands were indeed CdeC. Finally, we used fecal IgA obtained from mice orally immunized with PY79 spores (Fig.  2) , and therefore devoid of TcdA 26 -39 , to probe extracts (Fig. 5D ). These antibodies recognized coat protein extracts from PY79 spores (Fig. 5D, lane 2) but not rTcdA 26 -39 (lane 1). These antibodies also recognized cross-reacting bands of about 35 and 40 kDa in vegetative cell extracts (lanes 3 to 5), with the upper band corresponding to LdhA. The 100-kDa AdhE1 band was not detected by using these antibodies, confirming that this protein was uniquely recognized by anti-TcdA 26 -39 PAbs.
To confirm the identities of some of the principal proteins recognized by antiTcdA 26 -39 , we used two approaches. First, we cloned and expressed the LdhA, AdhE1, and CdeC proteins in Escherichia coli as His-tagged polypeptides. For rLdhA, the full-length protein was expressed, while for rAdhE1 and rCdeC, sequences encoding N-terminal segments of each protein were cloned. Anti-TcdA 26 -39 PAbs were able to recognize each of these recombinant proteins as well as rTcdA 26 -39 (Fig. 6A) . In the case of rAdhE1, a molecular mass of 47 kDa was detected because only the N-terminal half of AdhE1 was cloned and expressed, while for rCdeC, only a small N-terminal domain (ϳ12 kDa) could be cloned. The appearance of multiple CdeC species of higher molecular masses is most probably due to extensive covalent cross-linking found in this cysteine-rich protein, as reported previously (25) .
The anti-TcdA 26 -39 antibodies were raised to a recombinant His-tagged TcdA 26 -39 polypeptide, so it is formally possible that recognition arose due to antibodies recognizing the C-terminal polyhistidine moiety. Therefore, we used a more stringent approach and made ClosTron insertional mutants for each gene. Using ΔcdeC and 630Δerm spores, we probed coat proteins extracted from spores (Fig. 6B) . In wild-type extracts, principal species of about 35, 50, and 100 kDa were observed, in agreement with data from previous studies showing that CdeC is present in multimeric forms in spores (25) . In contrast, in the ΔcdeC mutant, with the exception of the 100-kDa species, these bands were absent, confirming that the bands of Ͻ100 kDa were indeed CdeC. The 100-kDa species that was recognized by anti-TcdA 26 -39 PAbs was identified as AdhE1 (26) .
Antibodies to TcdA 26 -39 reduce adhesion of C. difficile to mucus-producing HT29-MTX cells. The human intestinal cell line HT29-MTX, derived from HT29, is a mucus-secreting cell line that contains differentiated goblet cells that secrete low levels of MUC2 mucins typically found in the small and large intestines (27) . Cells grown for 14 days and confirmed to produce mucus by alcian blue staining were inoculated with vegetative cells or spores of strain 630 with or without adsorption with fecal IgA or serum IgG obtained from CD-1 mice immunized (s.o.) with PP108 or PY79 spores (Fig.  7A) . Naive IgA was capable of reducing adhesion, which is consistent with data from other studies showing that innate, nonspecific SIgA by itself has the ability to interfere with the attachment of cells to mucus (28) . However, compared to naive cells, anti-PP108 fecal IgA significantly reduced the adhesion of vegetative cells to HT29-MTX cells. However, fecal IgA from animals immunized with PY79 spores did not show any reduction in adhesion compared to naive IgA. In contrast, anti-PP108 IgG showed no significant reduction in adhesion compared to naive IgG. When we conducted the same analysis on 630 spores, anti-PP108 IgA showed no effect on adhesion compared to anti-PY79 IgA or naive IgA, as was also the case with anti-PP108 IgG (Fig. 7B ).
DISCUSSION
The oral PP108 vaccine utilizing bacterial spores for the display of a carboxy-terminal domain (TcdA 26 -39 ) of toxin A was reported previously (22) . The key findings, then, were that (i) oral delivery generated mucosal as well as systemic humoral neutralizing responses, but only mucosal antibodies correlated with protection; (ii) antibodies to the TcdA 26 -39 domain cross-reacted with toxin B, presumably by virtue of shared homology between the C-terminal domains of toxins A and B; and (iii) immunization with nonrecombinant spores provided evidence of protection. Here, we show that the PP108 spore vaccine is also able to inhibit the colonization of hamsters with C. difficile. Colonization in this case was defined as the absence of toxins as well as viable spores in the feces. We assume that the complete protection observed here occurs because TcdA 26 -39 -specific IgA prevents the early stages of attachment of C. difficile vegetative cells to the mucosal epithelium. These initial stages of colonization are presumably critical to the infection process and prevent the subsequent establishment of the pathogen at the mucosal barrier, e.g., in the creation of biofilms (29) . Therefore, this correlate of protection is particularly important and more meaningful than measurements of toxin levels alone.
Most intriguing was that in studies using the same hamster model of infection, parenteral immunization of toxoids A and B failed to confer protection, even though high levels of IgG were found in serum. It should be noted that, as far as we are aware, most vaccination studies using hamsters have used the VPI 10463 strain, since it is assumed to be highly toxigenic. Although not reported here, we also evaluated, in parallel, toxoid-immunized hamsters challenged with spores of VPI 10463 and obtained only 25% protection. Our findings suggest that, at least in hamsters, 630 either is more infectious or produces more severe infection.
The single most important finding from this work is that antibodies to the TcdA 26 -39 domain recognize not only TcdA 26 -39 but also other peptide sequences. First, and as discovered previously (22) , they recognize the C terminus of toxin B, and second, they react with a number of other proteins present in vegetative cells or spores of C. difficile, including AdhE1, LdhA, and CdeC. Intriguingly, we were unable to identify any meaningful homology in amino acid sequences between TcdA 26 -39 and AdhE1, LdhA, and CdeC, although both AdhE1 and LdhA share some homology in their secondary structures (30) . The ability of TcdA 26 -39 antibodies to recognize additional C. difficile proteins could therefore provide immunized animals with the ability to recognize vegetative cells and spores of C. difficile during infection as well as neutralize toxins, explaining the complete absence of colonization in protected animals.
Mucosal antibodies consist primarily of SIgA, but opsonizing IgG could potentially also be present. SIgA is well known for its ability to interfere with the earliest steps of infection by blocking toxins and preventing the adhesion of pathogens to the mucosal epithelium (31) . For example, SIgA has been shown to sterically hinder the interaction of cholera toxin with epithelial cells (32) . The two dehydrogenases recognized by TcdA 26 -39 -specific antibodies, AdhE1 and LdhA, could also have potential roles in virulence. In Listeria monocytogenes, an aldehyde alcohol dehydrogenase is a housekeeping enzyme but is also a surface-exposed adhesin commonly referred to as LAP (Listeria adhesion protein) (33) . In C. difficile, LdhA participates in a biosynthetic pathway, another member of which, HadA, has been found to be associated with biofilms, a key attribute linked to colonization (34) . Both AdhE1 and LdhA may or may not be involved in virulence, and they may or may not be surface exposed, but what is important here is the demonstration that mucosal antibodies can block C. difficile colonization. It is also likely that there are other targets recognized by TcdA 26 -39 -specific antibodies, so the key points are that (i) cross-recognition of cell proteins by mucosal TcdA 26 -39 -specific antibodies can explain how the PP108 vaccine prevents both colonization and cytotoxicity and (ii) mucosal immunity is required for the prevention of C. difficile colonization. Since the TcdA 26 -39 domain is part of toxin A, it is prima facie surprising that immunization with toxoids fails to generate cross-reactive antibodies. The explanation, though, may simply be that the tertiary structure of toxoid A fails to generate sufficient TcdA 26 -39 -specific antibodies in both quantity and avidity for cross-reaction to C. difficile vegetative cells or that it may be of the wrong isotype.
What is shown here is that mucosal antibodies targeting one or more antigens (or epitopes) block the interaction of the pathogen with the host and, as a result, prevent colonization. This finding suggests that to prevent CDI as well as relapse, an approach that addresses colonization must be considered (12). It is possible, then, that C. difficile colonization is particularly sensitive to interference, and this could be a factor in how other "nontoxin" approaches appear to work. For example, in this work, it is shown that the administration of nonrecombinant PY79 spores provided some level of protection, and for these animals, no colonization was present. For both rabbit anti-PY79 IgG and mouse anti-PY79 fecal IgA, some cross-recognition of C. difficile proteins was apparent, including the LdhA protein, which is supported by data from previous studies showing that oral dosing with B. subtilis probiotic spores reduces symptoms of CDI (35) . However, there is no significant sequence homology between B. subtilis Ldh and that of C. difficile.
We wonder whether immune exclusion may, in part, explain the ability of nontoxigenic cells of C. difficile to suppress symptoms of CDI. Previous studies using pretreatment of animals with nontoxigenic strains of C. difficile demonstrated that the nontoxigenic strain can colonize the GI tract, and following challenge ϳ40 to 60 days later, animals were fully protected (21) . It may therefore be of interest to investigate SIgA produced in animals dosed with atoxigenic C. difficile to determine whether it plays any role in preventing colonization. Finally, the ability to prevent adhesion using mucosal antibodies raises the possibility of developing specific immunity-based antiadhesion
